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Abstract
Pb(Zr Ti )O (PZT) thin film capacitors fabricated on an oxygen-implanted Pt bottom electrode were studied. Oxygen was0.3 0.7 3
implanted at a low acceleration voltage (40 kV) and dose (1=10 cm ). Structural examination by grazing-incident X-ray15 y2
diffraction (GIXD) and chemical analysis by X-ray photoelectron spectroscopy (XPS) revealed that the implantation generated a
very thin amorphous top surface layer (approx. 20 nm), which contained approximately 7% of oxygen that stayed in the film in
the form of PtO bonding. The amorphous layer, however, resumed the crystalline structure accompanied by the dissociation of
PtO under the rapid thermal annealing at 600 8C for 5 min. The remnant polarization of sol–gel derived Pb(Zr Ti )O (PZT)0.3 0.7 3
films fabricated on the oxygen-implanted Pt was slightly reduced from 11.92 mCycm for the PZT capacitors fabricated on a Pt2
electrode without implanted oxygen to 9.07 mCycm . Nevertheless, the fatigue endurance was significantly increased. The2
switching polarization of PtO yPZTyPt (O-implanted) capacitors remained within 95% of the starting value after 4=1010x
switching cycles, which is comparable to that of PZT capacitors made with other conducting oxides.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Lead zirconate titanate (PbZr Ti O , PZT) thinx 1yx 3
films have been studied extensively for the application
in high-density non-volatile memories. PZT thin films
have favorable characteristics including high polariza-
tion, low coercive field, and a low processing tempera-
ture that is compatible with Si-based IC technology.
However, PZT capacitors fabricated on a conventional
noble metal electrode like Pt, show serious fatigue,
involving significantly reduced polarization under
repeated switching cycles. The fatigue problem associ-
ated with PtyPZTyPt capacitors is believed to be due to
the formation of oxygen vacancies near the Pt surface
because of the reduction of PZT during the high-
temperature crystallization w1x. Oxygen vacancies can
be charged during the switching operation and migrate
to pin gradually the domain walls reducing the switching
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polarization w2x. PZT capacitors are frequently made on
conducting oxides whose high oxygen activity can
effectively suppress the formation of oxygen vacancies
near the electrode interface, reducing the fatigue prob-
lem. A significant improvement of the fatigue properties
has thus been reported for PZT capacitors that use
conducting oxides such as PtO , IrO , RuO ,x 2 2
La Sr CoO and LaNiO w3–8x.1yx x 3 3
Among the conducting oxides reported, PtO is ofx
particular interest because it can be fabricated by reac-
tive sputtering, and because PZT capacitors made with
PtO normally show negligible leakage. Nevertheless,x
PtO is reported to be a p-type semiconductor of lowx
conductivity w9,10x. Furthermore, PtO is not stable andx
tends to dissociate at elevated temperature. The disso-
ciation is detrimental to the integration of the capacitor,
especially when PtO is used as the bottom electrode,
because the reconstruction of Pt, which accompanies the
release of a large amount of oxygen, normally causes
the rupture of PZT during the crystallization process.
Both low conductivity and drastic reconstruction may
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Fig. 1. XPS spectra of Pt 4f electrons for Pt films implanted with
1=10 cm of oxygen; (a) as-implanted sample (the solid line)15 y2
and pure Pt (the dash line), and (b) the post-annealed sample that
was subjected to the rapid thermal anneal at 600 8C for 5 min.
be prevented if PtO is kept sufficiently thin. However,x
ultra thin films with the required uniformity are difficult
to fabricate in a conventional sputtering facility.
This article reports an alternative way of making ultra
thin PtO films with implanted oxygen. Oxygen implan-x
tation is a common technology to modify the surfaces
of materials, and has recently been studied extensively
with reference to its application to silicon-on-insulator
(SOI) w11,12x. Nevertheless, in the above applications,
oxygen is generally implanted with a high acceleration
voltage of over 100 kV, such that the implanted oxygen
is buried deep below the surface. For the purpose of
this wok, shallow implantation is preferred and was
achieved in this work by reducing the acceleration
voltage to 40 kV. The structure and composition of the
implanted Pt were elucidated using surface-sensitive
instruments like a grazing-incident X-ray diffractometer
(GIXD) and the X-ray photoelectron spectroscope
(XPS). The results show that the fatigue of PZT capac-
itors made with an oxygen-implanted Pt bottom elec-
trode is greatly improved.
2. Experimental details
The substrates used in the experiment are the ther-
mally oxidized silicon wafers coated with Pt (300 nm)y
TiO (50 nm) film by r.f. sputtering. Oxygenx
implantation of 1=10 cm was carried out in a15 y2
medium-current implanter using O ions and an accel-q
eration voltage of 40 kV. The oxygen concentration and
chemical bonding near the Pt surface were characterized
using X-ray photoelectron spectroscope (XPS) of Phys-
cial Electronics (ESCA PHI 1600). The light source is
the Mg Ka radiation (1253.6 eV), and the spectral
calibration was performed using C 1s peak (284.6 eV)
from the surface contamination as the internal reference.
Additionally, the effect of oxygen implantation on the
surface crystallinity of the Pt electrode was investigated
using the grazing-incident X-ray diffraction (GIXD).
PZT (ZryTis0.3;0.7) capacitors were fabricated by the
sol–gel method. The precursor solution was prepared
by dissolving lead-acetate-trihydrate, Ti(diisopro-
poxide)bis(2,4-pentanedionate) and Zr-n-propoxide in
2-methoxyethanol. To compensate for lead lost in the
high-temperature process, 15 mol.% excess lead-acetate-
trihydrate was added. The coated PZT films were finally
crystallized at 600 8C for 5 min with rapid thermal
annealing in ambient O , and the thickness of the2
crystallized PZT films was measured to be approximate-
ly 1000 A. Top electrodes were Pt or PtO dots, whichx˚
were r.f.-magnetron sputtered, respectively, on the crys-
tallized PZT films with areas of 4=10 cm . They4 2
measurements of polarization-electric field (P-E) hys-
teresis loop and fatigue tests were performed with an
RT-66A ferroelectric tester from Radiant Technologies.
3. Results and discussion
Oxygen-implanted Pt was chemically analyzed mainly
by XPS. Detailed chemical information was found to be
lost during pre-sputtering, indicating that implantation
primarily affects the very top surface layer. The follow-
ing XPS results were obtained without performing the
pre-sputtering to preserve the information. Fig. 1 dis-
plays the Pt 4f electrons of XPS spectra for the oxygen-
implanted Pt samples; one is the as-implanted and the
other was subjected to the rapid thermal annealing at
600 8C for 5 min after the implantation. For the as-
implanted sample, the binding energies of Pt 4f and7y2
4f , shown in Fig. 1a, peaked at 71.5 eV and 74.8 eV,5y2
respectively. Upon annealing, both 4f and 4f peaks7y2 5y2
are shifted to lower binding energies of 71.2 and 74.5
eV, as indicated in Fig. 1b. The binding energy of 4f7y2
and 4f for pure Pt has been reported to be 71.2 and5y2
74.5 eV and tends to be higher for Pt oxides, as indicated
by the dash curve in Fig. 1a w13x. As a result, the
slightly higher 4f peaks obtained from the as-implanted
sample indicate the formation of Pt oxide induced by
oxygen implantation w14x. Since the binding energy of
the post-annealed sample is almost identical to that of
pure Pt, rapid thermal annealing considerably reduces
the oxygen content in Pt.
The amount and its bonding structure of oxygen
contained in the as-implanted sample are of interest.
Such information was obtained from the deconvolution
of 4f and 4f by the method of Abe et al w9x. Fig.7y2 5y2
2 presents the result of deconvolution performed on the
Pt 4f peaks of the as-implanted sample. As shown, the
as-implanted sample consists mainly of Pt and PtO. The
oxygen content in the as-implanted Pt films was esti-
mated using the following formula C yC sA y(A qO Pt PtO Pt
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Fig. 2. The deconvolution of XPS spectra of Pt 4f electrons from the
as-implanted sample.
Fig. 3. The GIXD patterns of oxygen-implanted Pt films implanted
with oxygen for the incident angle a from 0.1 to 0.78; (a) the as-
implanted sample, and (b) the post-annealed sample.
Fig. 4. XRD patterns of PZT films deposited on (a) Pt without oxygen
implantation, (b) Pt implanted with oxygen 1=10 cm .15 y2
A ), wherein C and C are the atomic concentrationsPtO O Pt
of O and Pt, and A and A are the summed areas ofPt PtO
the 4f and 4f peaks for Pt and PtO, respectively.5y2 7y2
The ratio C yC derived from Fig. 2 is 0.077, consid-O Pt
erably lower than that reported elsewhere for sputtered
PtO w9x.x
Surface damage caused by oxygen implantation was
examined using the grazing-incident X-ray diffractome-
ter (GIXD) with Cu K radiation. In GIXD, the thin-a
film specimen is fixed at a grazing angle to the incident
X-ray, and the detector is scanned along the 2u circle
in the vertical plane to record the asymmetrically Bragg-
diffracted beams. X-Ray penetrate only the top surface
layer, to a depth that decreases as the incident angle
decreases, since the angle of incidence is typically less
than 18. The depth of penetration of X-ray t is relateda
to the incident angle a, the material’s mass absorption
coefficient m and its density r, according to t ssin aya
(rm). Consequently, the depth profile of structural var-
iation near the surface can be obtained from GIXD with
various incident angles w15x.
Fig. 3 shows the GIXD patterns with incident angles
from 0.1 to 0.78 for the oxygen-implanted Pt samples
mentioned in Fig. 1. As shown in Fig. 3a, Pt diffraction
does not appear until the incident angle exceeds 0.58
for the as-implanted sample, indicating that an amor-
phous layer was created by oxygen implantation. In
contrast, Pt diffraction was detected for all incident
angles from the post-annealed sample, as shown in Fig.
3b, indicating that the top amorphous top surface layer
was recrystallized upon annealing. Evidently, the recrys-
tallization is closely related to the release of oxygen
observed using XPS. The thickness of the amorphous
layer created by the oxygen implantation is of interest.
The thickness of the amorphous layer can be roughly
estimated from the depth of X-ray penetration if the
mass absorption coefficient and density of Pt (ms200
cm yg for Cu K radiation, rs21.45 gycm ) are2 3a
assumed to be unchanged by the implantation. Taking
a to be 0.58 yields t s20 nm, agreeing well with thea
projected range R (approx. 20 nm) estimated from thep
published universal table w16x.
The crystallization of sol–gel derived PZT subse-
quently deposited on the oxygen-implanted Pt films was
examined with conventional X-ray diffraction (XRD).
Fig. 4 presents the XRD patterns of the PZT film
deposited on the Pt with and without oxygen implanta-
tion. As shown, the PZT films were crystallized without
a secondary phase, indicating that the rapid thermal
annealing at 600 8C for 5 min suffices to crystallize
PZT. It was also noted that the peak intensity ratio of
PZT films deposited on the Pt with oxygen implantation
(I yI s1) was higher than that of films deposited111 100( ) ( )
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Fig. 5. The hysteresis loops of PtyPZTyPt, PtyPZTyPt (oxygen-
implanted) and PtO yPZTyPt (oxygen-implanted) capacitors.x
Fig. 6. The fatigue behaviors of PtyPZTyPt, PtyPZTyPt (oxygen-
implanted) and PtO yPZTyPt (oxygen-implanted) capacitors.x
on the Pt without oxygen implantation (I yI s111 100( ) ( )
0.2). Evidently, the surface re-structuring of the oxygen-
implanted Pt occurred at the elevated temperature may
affect the crystallization of PZT as well. From the peak
locations of (111) and (100), the tetragonality ratio (cy
a) of crystallized PZT films has also been derived. It
was found that the tetragonality ratio (cya) is lower for
PZT films prepared on the oxygen-implanted Pt (cyas
1.0456) than that on the Pt electrode (cyas1.0485),
suggesting that PZT films crystallized on different elec-
trode materials are subjected to different strain condition.
Fig. 5 shows the ferroelectric hysteresis loops of Pty
PZTyPt, PtyPZTyPt (O-implanted) and PtO yPZTyPtx
(O-implanted) capacitors; wherein the bottom Pt elec-
trode of the latter two was implanted with oxygen. In
addition, the last PtO yPZTyPt (O-implanted) capacitorx
was made by replacing the top Pt electrode with sput-
tered PtO through the shallow mask at the elevatedx
temperature (approx. 250 8C). Under a 250 kVycm (2.5
V) maximum applied field, the measured remnant polar-
ization P and coercive field E for each capacitor werer c
11.92 mCycm and 115 kVycm for the PtyPZTyPt, 9.072
mCycm and 107 kVycm for PtyPZTyPt (O-implanted),2
and 13.55 mCycm and 107 kVycm for PtO yPZTyPt2 x
(O-implanted) capacitors, respectively. As shown, the
remnant polarization and coercive field are slightly
different among these capacitors. Since the polarization
of ferroelectric materials is susceptible to the strain
imposed, one plausible explanation is that the PZT film
was strained differently due to the electrode material
and processing conditions used in preparing these capac-
itors as indicated by the different tetragonality ratio (cy
a) derived for PZT films deposited on Pt and
oxygen-implanted Pt electrode w17x.
Fig. 6 shows the fatigue properties of the PtyPZTy
Pt, PtyPZTyPt (O-implanted), and PtO yPZTyPt (O-x
implanted) capacitors considered above. Fatigue testing
was performed using repeated bipolar pulses of "2.5 V
("250 kVycm) of 1 MHz, and the polarization was
measured at 3.5 V after certain switching cycles. As
shown in the figure, the normalized switched polariza-
tion is reduced to 18% for PtyPZTyPt capacitors. In
contrast, the normalized switching polarization remains
50% for 1=10 switching cycles for PtyPZTyPt (O-9
implanted) capacitors under the same condition. The
fatigue properties were further improved by using PtOx
top electrode. As illustrated in the figure, the switched
polarization remains within 95% of the starting value
after 4=10 switching cycles, and falls by only 15%10
after 1=10 switching cycles for PtO yPZTyPt (O-11 x
implanted) capacitors.
From the results of PtyPZTyPt and PtyPZTyPt (O-
implanted) capacitors, it is clear that using oxygen-
implanted Pt as the bottom electrode can seriously
improve the fatigue properties of PZT capacitors. The
improvement may also be caused by the reduced rem-
nant polarization as it was noted that PtyPZTyPt (O-
implanted) capacitors appears to have lower P .r
However, such a possibility was ruled out in the case
of PtO yPZTyPt (O-implanted) capacitor that shows thex
largest P and the best fatigue endurance. This resultr
also suggests that the interfacial property of the top
electrode is as important as that of the bottom electrode
in determining the fatigue endurance of PZT capacitors
w18x.
4. Conclusions
Oxygen implantation in Pt at a low acceleration
voltage (40 kV) and dose (1=10 cm ) was charac-15 y2
terized structurally and chemically. The results indicated
that the implantation formed a very thin amorphous top
surface layer (approx. 20 nm) that contained approxi-
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mately 7% of oxygen that remained in the film in the
form of PtO bonding. The amorphous layer, however,
resumed its crystalline structure, accompanied by the
dissociation of PtO, under the rapid thermal annealing
at 600 8C for 5 min. The remnant polarization of sol–
gel derived Pb(Zr Ti )O (PZT) films fabricated on0.3 0.7 3
the oxygen-implanted Pt was slightly lower than that of
PZT capacitors fabricated on the Pt electrode without
oxygen implantation. Nevertheless, the fatigue endur-
ance was significantly improved, indicating that the
oxygen-implanted Pt is a potential bottom electrode for
PZT capacitors.
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